relevant evidence is lacking (6, 12) . The subject has recently been reviewed by Overman (13) .
In this communication are reported studies of the effects of acute adrenal insufficiency and of adrenal steroids upon fluid and electrolyte distribution in man.
MATERIALS AND METHODS

I. Clinical material and design of experiments
Eleven patients previously subjected to subtotal adrenalectomy because of severe hypertensive disease and one patient with hypertensive disease not surgically treated served as experimental subjects. The experiments were of three kinds: 1) Observations of effects of acute adrenal insufficiency experimentally provoked by a standard regimen; 2) control observations in two of the subtotally adrenalectomized patients who did not develop adrenal insufficiency on the standard regimen and in one unoperated hypertensive individual subjected to drastic reduction of sodium intake; and 3) studies of the effects of various steroids upon fluid distribution in certain of the adrenal-deficient patients.
Nine of the patients who had previously undergone subtotal adrenalectomy were subjected to a standard regimen designed to induce a state of acute adrenal cortical insufficiency. The procedure was as follows: patients were admitted to the Metabolic Unit for a six-day balance study, which was subdivided into a three-day control period followed by a three-day experimental period. The diet and fluid intake were kept constant throughout the study, save for a substantial supplement of sodium and chloride given to five patients during the control period. Each patient continued during the control period to receive his usual steroid replacement therapy (Table I) .
During the subsequent three-day experimental period all steroid therapy was withdrawn, and the constant daily diet received by all patients was of standard composition in all respects, including its content of sodium (103 to 118 mEq.) and potassium (75 to 80 mEq.). Daily measurements were made of serum sodiutn, chloride, potassium, protein, and urea; of total urinary sodium, chloride, potassium, creatinine, and nitrogen; and of total sodium, chloride, potassium, and nitrogen in the stool and vomitus, if any.
The inulin space was measured on the morning of the last control day and again in all patients on the morning of 1236 * Effect of steroid studied following precipitation of adrenal insufficiency. (Table VII) .
t Steroid effect studied in separate experiment. t DCA continued throughout experimental period.
the third day after hormone withdrawal. In three of these patients (B. G., M. R., and J. C.) the immediate effect upon the inulin space of intravenous cortisone, administered over a period of an hour or less, was studied at the time of the second inulin space measurement. In S. C., a subtotally adrenalectomized patient maintained in good health by sodium chloride without steroid therapy, a measurement of the effect of intravenous cortisone upon the inulin space was made without first attempting to induce adrenal cortical insufficiency by salt withdrawal (Table VII) . The balance studies were carried out on an air-conditioned metabolic ward, the room temperature being kept between 70 and 75°F. The diets were specially prepared in the Metabolic Unit from meats, canned fruits, and vegetables bought in uniform lots. The mineral and nitrogen composition of the diets was calculated from mean values of multiple analyses performed on representative aliquots. Pertinent clinical information concerning the patients studied is summarized in Table I . Seven adrenal-deficient patients placed on the standard fegimen developed symptomatic and chemical evidence of mild to severe acute adrenal insufficiency by the end of the third day of hormone withdrawal (Tables II to V inclusive). All showed little or no response, as judged by the electrolyte balances and urinary steroid excretion, to an eight-hour intravenous infusion of 10 units of corticotrophin.4
Two patients who had had a prior subtotal adrenalectomy (M. M. and E. M.) failed to develop symptomatic or chemical evidence of adrenal insufficiency on the standard regimen, and an eight-hour intravenous infusion of 10 units of corticotrophin was followed by clear-cut evi-4We are grateful to Dr. E. G. Vonder Heide, of Parke-Davis and Company, for a generous supply of this material. dence of available adrenocortical reserve in terms of electrolyte balances and urinary steroid excretion. These data are presented in detail elsewhere (14) . These patients, together with F. N., a hypertensive individual subjected to three days of drastic dietary salt restriction, provide control observations for comparison with the series of patients in whom acute adrenal insufficiency developed (Tables I and VI) .
The effect of certain adrenal steroids on fluid distribution was examined in seven adrenal-deficient subjects. In addition to the four experiments in which immediate effects of cortisone were studied, the effect of hydrocortisone in adrenal insufficiency was observed in M. H., the effect of substitution of cortisone for desoxycorticosterone in T. S., and the effect of adding desoxycorticosterone to a basal ration of cortisone in J. V. The experimental conditions and results of these studies are presented in Table VII. 
II. Measurements and calculations
Measurements were made of the volume of inulin distribution, after Schwartz, Schachter, and Freinkel (15) , by giving an intravenous priming injection of 2.5 Gm. of inulin followed by an intravenous infusion of the major portion of a solution of 7.5 Gm. inulin in 575 ml. 5 per cent dextrose at a rate of 1 ml. per minute. After four and one-half hours, the bladder was washed out and catheter urine collections begun for three 20 to 30 minute periods. Blood samples were collected in the middle of the periods for inulin analysis, and the inulin clearance was measured. Urine was collected for approximately 18 hours after the termination of the inulin infusion. From the total inulin recovered in this sample and the constant plasma inulin, an "uncorrected" inulin space can be calculated.
In order to minimize the dead-space error, a "corrected" inulin space has been calculated, based upon an arbitrarily assumed value of 30 ml. for the volume of the urinary passages from glomerulus to bladder:
In. -.03 X (In). EINcr = (In) where EIMNr = corrected inulin space in liters
In. = total inulin in milligrams recovered in the urine after stopping the infusion (In). = concentration of inulin in the urine collected at the time infusion stopped in milligrams per liter (In),, = concentration of inulin in serum water during the clearance periods in milligrams per liter In the experiments in which the immediate effect of cortisone was studied, three extra clearance periods were performed while intravenous cortisone was being infused. The inulin space, as affected by cortisone, was calculated from the total inulin recovered and the plasma inulin during the cortisone infusion. The inulin present in the body just prior to cortisone administration was obtained from the total inulin recovered by deducting the inulin infused, and adding the inulin recovered in the urine, during the cortisone infusion. The inulin space prior to the ad-ministration of cortisone was then calculated from the plasma values prior to the cortisone infusion. The correction for the pre-cortisone inulin space was based upon the urinary inulin concentration in the last pre-cortisone clearance period.
All values for inulin concentration in body water, as well as for electrolyte concentrations, were calculated from the serum concentrations and the formula for serum water of Eisenman, Mackenzie, and Peters (16):
(H20). = 0.986 -0.00745P where P is serum protein in grams per 100 milliliters and (H,O). is serum water in kilograms per liter of serum.
Values for electrolyte in the inulin space were obtained as follows: the interstitial water concentrations were calculated as plasma water values to which, in the case of sodium and chloride, the Donnan factor correction (0.95) was applied. The extracellular water concentrations of all electrolytes were calculated as follows: i Total potassium in the chloride space.
Minus values indicate transfers into chloride space.
on the assumption that the serum water represented 25 per cent of the total extracellular water. Electrolyte in the inulin space (Table III) is the product of the inulin space in liters times the concentration of electrolyte in extracellular water in milliequivalents per liter. The change in chloride space (AEc,) was calculated from the chloride balance and extracellular chloride concentration (17) on the assumption of an initial chloride space equal to the initial measured inulin space: EIN1 (Cl)ew, + bC,
where Eci, = final chloride space in liters EIN1 = initial inulin space in liters (Cl)., = initial extracellular water chloride concentration in milliequivalents per liter (Cl)..,, = final chloride concentration in extracellular water in milliequivalents per liter bci = external balance of chloride in milliequivalents where IL is the insensible loss of weight.
"Electrolyte unaccounted for" represents the algebraic difference between the change in the product of inulin space times extracellular water concentration of the respective electrolytes, and the net loss or gain of the corresponding electrolyte, measured as the external balance. The balances were calculated from 7 A.M. to 7 A.M. of the days on which the inulin space was measured, and the extracellular water concentration was calculated from 7 A.M. plasma values on those days. K' represents potassium moving independently of the catabolism or anabolism of tissues, and is derived from the potassium and nitrogen balances: bs, = bK -(2.4 bN)
where bs = potassium balance in milliequivalents and bN = nitrogen balance in grams (17) The statistical methods employed are described by Snedecor (20) . III. Chemical methods. 5 Inulin determinations were made by the method of Harrison (21) . Sodium and potassium were determined on a flame photometer with internal lithium standard (22) . The following methods were used for the other chemical analyses: chloride, Eisenman's modification (23) of the Van Slyke method; creatinine, Bonsnes and Taussky (24) ; urea, Karr (25) ; urine nitrogen and (in some instances) 
A. Effects of acute adrenal insufficiency
A large decrease in the volume of distribution of inulin was uniformly observed, amounting to 26.1 + 3.25 per cent (Table II) .6 Net external 6If, during the precipitation of acute adrenal insufficiency, there occurred a reduction of inulin clearance to such an extent that the recovery of inulin in the 18-hour urine collection was notably less during this second measurement of the inulin space as compared with the control, a factitial decrease of the inulin space would result. To evaluate this possible source of error, inulin recovery was separately determined in two of the subjects in whom inulin clearance was in the range of the lowest values observed in the group. In these two patients (T. S. and J. C.) recoveries of 94 per cent and 93 per cent were obtained at 18 hours with inulin clearances of 47 + 1 and 67 + 1 ml. per min., respectively. Even a decrease from normal to half the normal filtration rate or less between measurements would therefore occasion an error of only about 7 per cent. However, the control values themselves (Table II) were already markedly subnormalsomewhat, though not strikingly, lower than is expected in Addison's disease (27, 28) ; and since the decreases of filtration rate in adrenal insufficiency were never large (Table II) , it is difficult to suppose that a factitial decrease of the inulin space could have amounted to more than 1 or 2 per cent in these experiments.
water loss, when it occurred, was never large enough to account for the decrease of the inulin space (Table V) . Ignoring certain reservations to be discussed one may regard the change of the inulin space corrected for external water balance (AW -AEN, Table V ) as a measure of water transferred in adrenal insufficiency, i.e., disappearing from the inulin space into some other compartment of body water. Concentrations of electrolytes and urea nitrogen in serum and extracellular water on the day of the inulin space determinations are given in Table II,  and in Table III are shown calculated total sodium, chloride, and potassium in the inulin space at the time of each measurement (NaIN, CIIN, KIN, Table  III ). Calculated net change in these quantities in association with acute adrenal insufficiency is also shown in Table III , and this change is compared with net external losses of sodium and chloride and the net external gain of potassium over the same period (bNa, b0l, bK, bK'). Electrolyte "transferred" again represents the calculated change of electrolyte in the inulin space corrected for external balance.
A lesser but still significant calculated decrease of the chloride space was observed (AEcj , Table   IV ). Calculated change of total sodium and potassium in the chloride space is also shown (ANacj, AK0j, Table IV ). Significant "transfers" from the chloride space, calculated exactly as in the case of the inulin space, are indicated for water (AW -AEci, Table V ) and for potassium (bK' -AKo1, Table IV ), but not for sodium (bNa -ANaci, Table IV ).
B. Control observations
In Table VI are presented data indicating that reduction of dietary salt in the manner employed in the standard regimen, with or without withdrawal of cortisone, is not followed by decrease of the inulin space when adrenal insufficiency does not ensue owing to the availability of adrenocortical reserve; and further that extreme reduction of dietary sodium did not in three days result in diminution of the inulin space in an individual possessing adequate adrenocortical function.
C. Effects of steroids
The data in Table VII indicate that cortisone, hydrocortisone, and desoxycorticosterone are all capable of effecting changes in fluid distribution in a fashion contrary to the effects of acute adrenal insufficiency. Thus, the substitution of cortisone (75 mg. daily) for desoxycorticosterone (6 mg. daily) produced in T. S. a small increase in the inulin space; the addition of desoxycorticosterone to cortisone a larger increase in J. V.; whereas a very large increase of the inulin space was observed when hydrocortisone was administered to M. H. at a time when the patient was in a state of acute adrenal insufficiency. Smaller increases in the chloride space were observed in these three patients. In two out of three patients (B. G., M. R., and J. C.) who were in a state of acute adrenal insufficiency increases of the inulin space were observed in less than one hour following administration of cortisone intravenously. DISCUSSION The observations reported in this communication show that external water loss is neither a conspicuous nor a constant feature of acute adrenal insufficiency in man. Internal transfers of water are, however, regularly indicated; and external loss of sodium and chloride appears to be overshadowed by the internal transfers of these ions which accompany the condition. The measurements also disclose that such internal transfers regularly precede the development of hyponatremia, for in five patients no abnormal decrease of serum sodium concentration had supervened at the time of the second (experimental) measurements. Therefore, while it is presumably true that hyponatremia of the extracellular fluid, when it occurs, will occasion osmotic transfer of water into cells, hyponatremia clearly was not the important initiator of the transfers observed in these patients.
On the other hand hyponatremia cannot be regarded as a simple consequence of the fluid transfers, since, on any interpretation of the data, more water than sodium is transferred out of the extracellular compartment. Net external loss of sodium is, however, relatively much greater than net external water loss (bNa , Table III ; AW, Table V ). It would, therefore, appear that hyponatremia, when it occurs in acute adrenal insufficiency, is ascribable primarily to renal wastage of sodium. The effectiveness of net external loss of sodium in reducing the concentration of sodium in extracellular fluid would, however, be enhanced by any concurrent depletion of the volume and total sodium content of extracellular fluid brought about by internal transfers of fluid. The plan of the experiments in which steroid was withdrawn from adrenal-deficient patients was designed to disclose information concerning acute adrenal insufficiency.7 Our reported observations may well not be applicable to subacute or chronic adrenal insufficiency resulting from a more prolonged and less severe lack of hormone in relation to requirement; and indeed weight loss is generally regarded as a cardinal and even indispensible feature of the latter conditions. Withdrawal of replacement steroid from the adrenal-deficient subject is a valid method for the experimental study of adrenal insufficiency, and indeed the only feasible way to study uncomplicated acute adrenal insufficiency. Since the patients were receiving during the control period approximately the minimum exogenous hormone capable of maintaining their well-being, it is proper to emphasize that the fluid transfers observed are not to be regarded as effects of withdrawal of steroids exhibited in pharmacologic quantity. The transfers were observed whether or not dietary salt was reduced when hormone was withdrawn (Table I) . Similar transfers did not accompany drastic dietary salt reduction in the hypertensive subject with intact adrenal glands; nor have they occurred, under the standard conditions employed in the present series, in subtotally adrenalectomized subjects manifesting evidence of adrenocortical reserve (Table VI) . They are therefore, so far as can be determined by the available data, a specific effect of acute adrenal insufficiency. They are moreover preventable or reversible indiscriminately by desoxycorticosterone, hydrocortisone, or cortisone; and the latter compound, at least, can apparently moderate or even rectify the abnormal fluid distribution of acute adrenal insufficiency within as short a time as an hour (Table VII) .
There is little reason to suppose that the coexistence of vascular disease modified the effects of induced acute adrenal insufficiency upon fluid distribution in these patients, though of course this possibility may be kept in mind. Certainly the changes observed are quite similar to those reported in normal dogs (5, 6) . Gaudino and Levitt (5) indeed reported much larger percentile decreases of the inulin space in dogs developing acute adrenal insufficiency; the difference may well be ascribable to a difference in the severity of acute adrenal insufficiency which was permitted to develop in canine and human subjects, respectively.
More precise characterization of the fluid and electrolyte transfers which occurred in these patients depends upon the anatomical boundaries which are to be assigned to the volumes of distribution of inulin and of chloride. Although the volumes of distribution of these substances have both been extensively used as approximations of extracellular fluid volume, objections have been urged against the use of each method for this purpose, and definition of the anatomical boundaries corresponding to these volumes is a matter of controversy.
Chloride is admittedly present in the cells of certain tissues (29, 30) ; the justification for the use of its volume of distribution as a measure of extracellular fluid volume must therefore rest upon the premise that intracellular chloride is either so small in quantity as compared with extracellular chloride, or that the quantity of exchangeable intracellular chloride changes so little under the conditions of any particular study, or both, that the error in e-stimating extracellular fluid changes as the change of the chloride space is small. Hastings (30) reviewed the extensive though necessarily indirect evidence which led to rather general acceptance of such assumptions. Conclusive direct evidence as to the quantity, and of the stability of cell chloride under pathological circumstances, is nevertheless lacking. It has been maintained (31) that a very large proportion of total body chloride-as much as a third-is intracellular; but the chief support for this contention is derived from unqualified acceptance of the identity of extracellular fluid volume and the volume of distribution of inulin-an assumption which is itself open to question.
When inulin is administered to man by the technique employed in these experiments, equilibrium distribution in a virtually constant limiting fluid volume is said to be attained (in the absence of abnormal fluid collections) at the end of a fivehour infusion. This finding, together with evidence that inulin does not pass cell membranes, affords the chief basis for the view of some investigators (15, 32, 33, 34) that the inulin space corresponds to extracellular fluid volume. It is not clear, however, that any satisfactory evidence has been cited to exclude the possibility that the volume of distribution of inulin may correspond to a subcompartment of the extracellular fluid. Nichols, Nichols, Weil, and Wallace (35) concluded, on the basis of analytical studies of particular tissues following inulin administration to dogs, that the inulin space is a less satisfactory measure of extracellular fluid volume than the chloride space, owing to deficient penetration of inulin into connective tissue. One may accordingly entertain the alternative view that the chloride space comprises the entire inulin space and in addition includes a connective tissue compartment exhibiting essentially the chemical characteristics of extracellular fluid modified by the presence of connective tissue proteins.
If the inulin space is accepted as a valid measurement of extracellular fluid volume,8 the data 8 On this assumption, it is not possible for any effects of a disease state on cell permeability to produce a factitial decrease of the inulin space, since, according to hypo-would indicate intracellular migration of large quantities of water, sodium, chloride, and potassium in acute adrenal insufficiency, the quantities transferred into cells being given by deducting from the total decrease of the inulin space and its contained ions the net external loss of these substances (AW -AEIN, Table V ; bN8 -ANaIN and bC1-AClIN, Table III ) or adding the net external gain (bOx -AKIN, Table III) . A significant excess of sodium over chloride is transferred (transferred Na -Cl, Table III ). These ions move in approximately the proportion of their relative concentrations in extracellular fluid; while potassium and water, according to their proportions in extracellular fluid relative to sodium or chloride, are transferred in excess. Transfers in the opposite sense would be effected by adrenal steroids (Table  VII) . If, on the other hand, the chloride space affords a valid approximation to extracellular fluid volume, and if it exceeds the inulin space by virtue of including a large volume of connective tissue water, the interpretation of the data is somewhat more complex. The decrease of the chloride space, and of the calculated sodium and potassium of the chloride space, after correction for external balance, will represent transfers into the cellular compartment (AW -AEa01, Table V ; bNa -ANacl, b]K-AK01, Table   IV ). The decrease of the inulin space in excess of the decrease of the chloride space will represent transfer of fluid out of the inulin space, but not out of the chloride space (AEc1 -AEIN, Table VIII) 9; thesis, there is normally no penetration beyond the extracellular phase throughout which inulin is homogeneously diffused. Any abnormal penetration of inulin into cells would cause a factitial increase of the apparent inulin space. 9 An alternate interpretation of the discrepancy between the magnitudes of change of the inulin space and the chloride space would ascribe to adrenal hormones an effect upon the penetrability to inulin of the connective tissue. On this view, it would be supposed that in adrenal insufficiency inulin gains access to connectjve tissue water to a much lesser extent than in the normal individual, so that the apparent decrease of the inulin space would be artifactual. There is no way to exclude this possibility; but it must be said that one is still confronted with the necessity of attributing to adrenal hormones profound effects upon the physicochemical state of collagen, and that the internal transfers of fluid as calculated on the basis of the chloride space are not brought into question by this hypothesis. and the calculated electrolyte losses from the inulin space in excess of electrolyte losses from the chloride space will similarly represent transfer of these ions out of the inulin space, but not out of the chloride space (ANacj -NaIN, bc, -AClIN, AKj -AKIN, Table VIII ). According to the hypothesis, the figures will express the magnitudes of transfer of water and electrolytes from the inulin space into connective tissue.
If this interpretation of the data is adopted, the figures imply that in every instance the bulk of the fluid transfer in acute adrenal insufficiency is attributable to increased hydration of the connective tissue brought about by movement of water, sodium, chloride, and potassium in quantities closely corresponding to their relative proportions in extracellular fluid. Movement into the cellular compartment of water and of large amounts of potassium, without transfer of sodium, would also be implied.
This second interpretation of the data agrees with reports based on tissue analysis, in that the sodium apparently transferred from extracellular fluid in adrenal insufficiency could never be found in the cells of any of the soft tissues examined (skeletal muscle, heart muscle, liver and kidney), and would suggest the connective tissue as the site of the missing sodium. The agreement was perhaps to be expected, inasmuch as the chloride space was used as the measure of extracellular fluid volume when calculations of cell composition were applied to the reported tissue studies. Direct chemical analysis of the connective tissue of animals dying in acute adrenal insufficiency would be of great interest. If a greatly increased content of water and sodium of this tissue were found to accompany adrenal insufficiency, support would be provided for the utility of simultaneous estimates of the changes in inulin and chloride space in studying fluid distribution in the intact organism, and for the view of Nichols et al. that the inulin space does not include some of the plasma-ultrafiltrate phase of connective tissue water. Ludwig, Chen, and Soffer (36) have observed that the hydration of connective tissue is affected by certain steroid hormones; and adrenal cortical regulation of the hydration of connective tissue would be a matter of considerable interest in view of the spectacular effects of cortisone upon diseases affecting collagenous tissue. SUMMARY 1. Acute adrenal insufficiency induced in seven adrenal-deficient patients was attended by a significant decrease of the chloride space (calculated) and a much larger decrease of the inulin space (measured).
2. The calculated net loss of potassium and water from the chloride space, and of sodium, chloride, potassium, and water from the inulin space, could not be attributed to net external loss. Internal transfers of fluid and electrolytes, therefore, accompany acute adrenal insufficiency in man.
3. Interpretation of the nature of the observed transfers depends upon the anatomical boundaries to be assigned the volumes of distribution of chloride and of inulin. Alternative interpretations of the data are presented.
4. Desoxycorticosterone, hydrocortisone, and cortisone are all individually capable of preventing or correcting the abnormal distribution of body fluid characteristic of acute adrenal insufficiency; in the case of intravenous cortisone, corrective effects may be observed within an hour.
